We used pulsed and continuous additions of 15 N together with whole-ecosystem metabolism measurements to elucidate the mechanisms of nitrogen (N) transformations in a small (1170 m 2 ) through-flow wetland situated along a stream. From measurements of the wetland inflow and outflow, we observed a consistent decrease in nitrate (by 10% of inflow concentrations), while ammonium increased by an order of magnitude. Outflow ammonium concentrations oscillated in a diel cycle, inverse to the concentration of dissolved oxygen (i.e., greater ammonium export at night). The pulsed 15 N additions showed little uptake of nitrate over time in the wetland and rapid daytime uptake of ammonium from the water column (rate constant, k t 5 0.11 h 21 ). A steady-state 15 Nammonium addition demonstrated a similar rate of ammonium uptake (k t 5 0.067 h 21 ), no detectable nitrification, and highlighted the spatial pattern of ammonium and nitrate uptake within the wetland. Porewater concentration profiles suggest high rates of net ammonium diffusion from the sediments. Ecosystem metabolism measurements indicate that release was attenuated during the day by autotrophic uptake, resulting in lower ammonium export during the day. Denitrification rates were modeled from dissolved N 2 : Ar ratios, but they were not sufficient to account for the observed loss in nitrate. Nitrate was removed near the pond inflow but not actively cycled throughout the pond, while the balance between sediment release and subsequent uptake of ammonium from the water-column dominated N cycling in this wetland.
Anthropogenic increases in the loading of nitrogen (N) to watersheds have led to increased N concentrations in groundwater, streams, and rivers, particularly in the form of nitrate (NO { 3 ) (Bö hlke 2002) . This excess N contributes to eutrophication and impairment of inland and coastal surface waters (Rabalais 2002) . Aquatic ecosystems along the flow path from terrestrial to marine environments, such as streams, lakes, rivers, and reservoirs, can have a large influence on N transport to coastal zones (Seitzinger et al. 2006; Alexander et al. 2009; Harrison et al. 2009 ). As water makes its way from landscapes into stream and river networks, often it passes through relatively lentic water bodies ranging from headwater wetlands to small impounded areas (e.g., beaver dams, mill ponds) to larger lakes and reservoirs. The longer water residence time in these lentic waters increases the influence of nutrient processing on the chemistry of through-flowing waters, and therefore these locations are potential 'hot spots' of nutrient processing.
Through-flow wetlands, defined here as wetlands through which water flows on its way to streams or other water bodies, are often situated at points of ground water discharge, serially along a stream's flow path, or parallel alongside streams and rivers. With their characteristically shallow depths and high rates of biological productivity, such wetlands typically function as sinks for excess nutrients in through-flowing water (Zedler 2003) , which can be significant at the landscape level in watersheds where large quantities of water move through wetlands. Wetlands are particularly efficient sinks of NO { 3 (Saunders and Kalff 2001; Fairchild and Velinsky 2006) , and the amount of wetland cover within watersheds can have a particularly strong influence on stream water NO { 3 , reducing N export from wetland-rich watersheds (Johnson et al. 1990 ). Small but abundant through-flow wetlands, including ponds and small impoundments along streams, may play a disproportionate role in cumulative N transformations within a watershed. For example, Jansson et al. (1994) found that a single through-flow pond on the River Råån removed as much N as the entire upstream river network.
The net reduction in N as water passes through wetlands has often been described based on mass balance studies (Saunders and Kalff 2001 ), yet the processes responsible for N retention and their controls are not fully understood. Large spatial variability of N transformation processes within wetlands (Stanley and Ward 1997) and the inherent hydraulic complexity of flow through shallow and often vegetated waters (Lightbody et al. 2008 ) present challenges for scaling up from traditional point-based measurements of N processing rates. Furthermore, point-based measurements often entail incubation of sediments in the laboratory that can be questioned for their relevance to in situ rates (Groffman et al. 2005 ); although such laboratory incubations are valuable in a comparative sense.
Whole ecosystem 15 N isotope addition techniques recently refined for headwater streams (Mulholland et al. 2008 ) could yield new insights into the processing of N in hydrologically complex aquatic ecosystems, but so far there have been only a few applications within wetlands (Tobias et al. 2003; Gribsholt et al. 2005; Erler et al. 2010 ). Tracer addition experiments using 15 N have demonstrated the importance of in-stream processes (assimilation and denitrification) in reducing N export from watersheds Mulholland et al. 2008) . However the methods commonly used in stream studies require continuous isotope tracer addition for long periods that approach steady-state in tracer 15 N fluxes. In wetlands that have longer residence times than streams, obtaining steady-state in 15 N fluxes may be prohibitively expensive, and the protracted time to reach steady-state allows for complex secondary transformations of the added 15 N that potentially obfuscate interpretation of the results.
In this study of N processing in a shallow through-flow wetland, we take an alternative approach to steady-state isotope tracer additions, employing short-term pulsed 15 N isotope additions to elucidate mechanisms of N processing. We sought to identify the processes responsible for observed NO { 3 loss and ammonium (NH z 4 ) production between the inflow and the outflow, a pattern that is common in through-flow wetlands (Fairchild and Velinsky 2006) . Nitrogen isotope additions were conducted to examine the biotic transformations of available N forms as stream water moved through the wetland. Separate, discrete pulses of 15 
Methods
Study site-The study was conducted on a through-flow wetland located at Michigan State University's Kellogg Experimental Forest in southwestern Michigan. The site was selected because of its small size and readily measurable inflow and outflow, which allowed us to employ our pulsed 15 N addition technique as well as the steady-state approach. The wetland (specifically referred to here as 'the pond') was originally constructed as a fishing pond. It receives inflow water via a pipe from nearby Augusta Creek and drains back to the creek via a concrete sill (Fig. 1) . The pond is shallow (mean depth 0.9 m), has an area of 1170 m 2 , and normally does not thermally stratify. A considerable amount of fine organic detritus enters the pond from August Creek and settles out near the pond inflow, which over time has formed a shallow mucky delta over about a third of the pond area. During the summer, the pond supports growth of several species of submerged macrophytes (Potamogeton spp., Ceratophyllum demersum, Myriophyllum sp.) and filamentous algae (particularly Oedogonium) growing as metaphyton.
Field measurements-We used a variety of field approaches to investigate the pattern of N transformation in the pond (i.e., loss of NO (k t , h 21 ) were then calculated from the pulses as a function of time within the pond.
Prior to the isotope pulse additions, we conducted a pulsed addition of RWT to determine mean hydraulic retention time and residence time distribution for the pond so that we could appropriately plan our sampling strategy. We calculated the mass of isotope for the pulse as (desired atom % enrichment) 3 (average N concentration) 3 (pond volume). Sampling at the pond outflow was planned to document the initial rising limb and peak of the 15 N pulse, followed by periodic sampling of the long declining tail until tracer 15 N reached relatively low abundance.
In the first experiment in late August 2007, a pulse of 15 NO state plateau of RWT concentration. We collected water samples at the inflow and outflow as well as at four sites within the pond itself ( Fig. 1) . Samples for RWT were collected at two depths (0.1 m and 0.5 m) at all six locations during the rising limb of the continuous tracer addition to determine mean water travel times for each site. Samples for determination of RWT, NO were collected at all six sites after 24 h and 36 h (dawn and dusk) to examine nocturnal and diurnal differences in N processing. As with the pulsed 15 N experiments hourly samples were collected at the pond outflow.
We used RWT as a conservative tracer in this study in spite of evidence that under some circumstances sorption and photo-degradation may cause RWT to act nonconservatively, resulting in poor tracer recovery (Sutton et al. 2001) . However, in wetlands with limited sediment-water exchange and short residence times (less than a week), recoveries are sufficient for RWT to be useful in studies of hydrologic residence (Lin et al. 2003) . We found good recoveries at the outflow in our initial dye pulses on this pond which suggested that the behavior of RWT here was sufficiently conservative for our purposes.
Metabolism, porewaters, and denitrification-We estimated ecosystem metabolism from diel changes in dissolved oxygen (DO) concentration measured at the pond outflow using a Hydrolab data sonde, employing the one-station technique typically used in streams (Mulholland et al. 2004) . Metabolism measurements were conducted during both 15 N pulses, during the continuous 15 NH z 4 addition and during the denitrification measurement. The sonde measured and logged DO at 15 min intervals. Air-water gas exchange coefficients for the pond were determined using the dark regression method (Young and Huryn 1999) . The approach is based on the fact that at night, when there is no photosynthesis, the change in dissolved oxygen is a function of community respiration (CR) and reaeration, such that
The reaeration coefficient (K DO ) and community respiration (CR) can be determined by linear regression of the rate of DO change (dDO/dt ) and oxygen deficit (DO t -DO equil , or difference between ambient concentration at time t and the equilibrium DO concentration at the temperature of the water). We used hourly changes in DO and average DO deficits (between 23:00 h and 06:00 h) to calculate K DO and CR. Reaeration coefficients were standardized to a temperature of 20uC (K 20 5 K DO 1.020 2(t220) ). Gross primary production (GPP) was then calculated based on diurnal production of DO after correction for respiration and reaeration (using K 20 adjusted for diurnal increases in temperature). We used porewater equilibrators (Hesslein 1976) , also known as peepers, to sample NH z 4 and NO { 3 concentrations in porewaters in the upper 50 cm of pond sediments, allowing us to infer the N dynamics between the sediments and porewaters. Each peeper consisted of a tapered acrylic block (60 3 6.5 3 3.8 cm) with 14 pairs of wells drilled into it. The wells were covered with a BiotransH Nylon membrane (MP Biomedical) and a thin acrylic faceplate, with cut-outs to match well openings. The peepers were assembled underwater and were deoxygenated by sparging with He overnight. We deployed the peepers at several locations in the pond by sinking them into the soft sediments until only the uppermost pair of wells remained above the sediment surface. Peepers were allowed to equilibrate with the sediment porewaters for 14 d. Porewater samples were removed from the wells using a syringe. Despite overnight degassing of the peepers with He, it is possible for O 2 to diffuse slowly out of the plastic (Carignan et al .1994) . This is unlikely to have had a large effect on our highly organic, anoxic sediments, but caution should be used when applying this technique in more oligotrophic systems.
As a follow-up to the isotope tracer-addition studies, we attempted to get a direct measure of denitrification in the pond using the open-system dissolved nitrogen to argon ratio (N 2 : Ar) technique (Laursen and Seitzinger 2002) . In September 2009, we collected samples for determination of N 2 : Ar ratios at the pond inflow and outflow every 3 h for a period of 2 d. Water samples were transferred by syringe, taking care to avoid air contamination, to 12-mL Exetainer vials (Labco), preserved with 10 mL of saturated HgCl, capped without entrainment of bubbles, and stored in water-filled 50 mL centrifuge tubes until analysis using a membrane-inlet mass spectrometer by T. Kana at the University of Maryland's Horn Point Laboratory (Kana et al. 1994) . A Hydrolab data sonde at the pond outflow monitored temperature and dissolved O 2 . We added a pulse of RWT to the pond inflow to estimate residence time distribution.
Laboratory analyses-Surface water samples were analyzed for NH z 4 using the phenol hypochlorite method (Aminot et al. 1997) . Concentrations of NO { 3 (and, in porewater samples, NH z 4 ) were measured using membrane-suppression ion chromatography with conductivity detection. Rhodamine WT concentrations were measured using a Turner Model 450 fluorometer (excitation filter: 540 nm, emission filter 585 nm).
The 15 N content of NO { 3 was determined by using a modified version of the diffusion method presented by Sigman et al. (1997) . Water samples containing , 50 mg NO by reacting at 60 uC for 48 h with DeVarda's alloy. Sealed bottles were then placed on a shaker for 7 d to allow for diffusion into the headspace and trapping on the acidified filter. The filter was then removed from the media bottle, dried, and analyzed for 15 N abundance using a Europa isotope-ratio mass spectrometer. A similar method was used to determine 15 N content of NH z 4 . Filtered water samples were transferred to 1-liter Nalgene polypropylene bottles to which 3.0 g MgO, 50 g NaCl, and a Teflon filter packet were added. Bottles were sealed and placed on a heated shaker for 14 d at 40uC to allow for diffusion and trapping on the filters. We used triplicate check samples (samples of known concentration) to test % recovery and precision for NO Data analysis-The residence time distribution (RTD) of the pond was calculated from the concentration of dye tracer leaving the pond over time. The RTD is essentially the proportion of the solute mass that exits the pond at any given time and is calculated as (Danckwerts 1953) 
RTD(t)~Q C(t) Ð
where C(t) is the RWT concentration at a given time, Q is the discharge, and M is the total mass of conservative tracer. From the RTD, we calculated the mean residence time (t) as
We estimate the net daily uptake of NO { 3 and the net daily production of NH z 4 as the average difference between inflow and outflow concentrations, multiplied by throughflow discharge (measured with a velocity meter), integrated over a 24 h period, and divided by the pond area. To estimate the autotrophic component of NH z 4 uptake, we assumed that the observed diel cycle in NH z 4 concentrations at the outflow was primarily due to a balance of autotrophic assimilation and a constant rate of NH z 4 production (see Results for rationale). We calculated the autotrophic uptake by integrating the diurnal NH z 4 curve against the peak nighttime NH z 4 concentration at the outflow (Johnson et al. 2006; Heffernan and Cohen 2010) . Autotrophic N demand was calculated from the GPP using a photosynthetic quotient of 1.2 to convert molar O 2 production to CO 2 production, assuming an autotrophic net autotrophic production of 0.5 and an autotrophic C : N of 10. Total NH z 4 production was then calculated as the peak nighttime NH z 4 concentration at the outflow extended over 24 h. We estimated gross uptake rates from the pulsed 15 N additions as the loss of tracer 15 N relative to the dye tracer. The abundance of the tracer 15 N was calculated from the sample d 15 N values corrected for background d 15 N (as measured in the inflow), converted to 15 N mole fractions, and multiplied by N concentrations as described in Mulholland et al. (2004 and . Tracer 15 N abundance was predicted at the pond outflow based on the concentration of RWT and initial ratio of 15 N : RWT in the tracer solution. The observed tracer 15 N abundance at the pond outflow was divided by the predicted 15 N concentration to yield the proportion of 15 N remaining ( 15 N obs : 15 N pred ). The tracer 15 N uptake rate constant (k t ) was determined as the slope of ln-transformed 15 N obs : 15 N pred over mean travel time. Comparisons were made in the main portion of the peak (3-15 h) to avoid ratio inflation in the tail due to detection limits (Dodds et al. 2008) . Uptake rate constants during the steady-state 15 NH Denitrification estimates from N 2 : Ar ratios-We modeled the N 2 : Ar data at the pond outflow to determine rates of N 2 transport, atmospheric exchange and production (denitrification). First, we modeled the concentration of the inert gas Ar at the outflow based on the inflow concentrations and residence-time distribution, as measured by the RWT pulse. Conceptually, the Ar concentration at the outflow reflects the mixing of different flow paths of water representing inflow of various times (where Z t2n is the proportion of flow of a given age) multiplied by the concentration of Ar at the time it entered the pond through the inflow (i.e., C t 5 Z t21 ?C t21 + Z t22 ?C t22 + … + Z t2n ?C t2n ) moderated by gas exchange between the pond and the atmosphere. Dissolved Ar in the inflow (stream) water varied with time under the influence of the diel temperature cycle (Laursen and Seitzinger 2005) . The model accurately matched the observed variation in dissolved Ar concentration at the pond outflow so we applied the same technique to the N 2 : Ar ratio data with the addition of atmospheric exchange and denitrification terms to the model N 2 : Ar out~S (Z t{1 |N2 : Ar in t{1 z . . .
where N 2 : Ar out is the ratio at time t, N 2out and Ar out are respective concentrations at time t, K N2 is the rate constant of air-water gas exchange (h 21 ), N 2equil is the atmospheric equilibrium concentration at time t (varies with temperature), and D n is the production of N 2 via denitrification (mmol L 21 h 21 ). The model was fit using a range of K N2 values, and D n was then fit by minimizing the sum of squares between observed and predicted values using the Microsoft Excel Solver function. We converted dissolved oxygen nighttime regression K 20 estimates to K N2 using a conversion factor of 0.956. The model was constrained so that the denitrification term could not be negative.
Results
Hydraulic patterns-Residence time distributions indicate that flow patterns were not consistent with either a plug-flow (advection-dispersion) model typically seen in streams or with a constantly stirred reactor model commonly applied for ponds and lakes. Flushing time in the pond, based on pond volume and discharge (Monsen et al. 2002) , was 13.4 h (ranged 12.7 h to 16.0 h). Mean residence times (t) were shorter, around 11.5 h (Table 1) . Residence time distributions indicated the leading edge of RWT reaching the pond outflow within three h, followed by peak concentration at , 4-5 h after the pulse addition and a long tail (Fig. 2) . A consistent secondary peak occurred around 9-10 h indicating a distinct flow path within the pond. Thus there was evidently some short- circuiting of flow as well as a more protracted movement of water through the pond.
Aquatic metabolism-Aquatic ecosystem metabolism had marked effects on DO concentrations in the pond. Although inflow DO concentrations remained fairly close to atmospheric equilibrium throughout the day, outflow concentrations generally varied between 65% to 110% of atmospheric equilibrium on a diel cycle. Gross primary production in the pond averaged 6.1 6 2. concentrations varied considerably among dates and over a diel cycle, often varying by . 40% of the daily mean over 24 h (Fig. 3) . SRP concentrations (mean, 6.5 mg L 21 ) did not differ significantly between the pond inflow and outflow, and did not vary consistently over a 24 h cycle. Discharge did not differ between the pond inflow and outflow.
In the 15 NO { 3 pulse experiment, the outflow of tracer 15 NO { 3 was 17% (6 16% SD) lower than predicted by RWT concentrations (Fig. 4A) , however 15 N abundance, relative to RWT, did not significantly change over time (Fig. 4B ) and thus we were unable to calculate a gross uptake rate constant. The d 15 N of NH z 4 did not increase significantly above background levels during the 15 NO 3 pulse experiment and thus there was no evidence of direct conversion of NO { 3 to NH z 4 (i.e., by dissimilatory nitrate reduction to ammonium, DNRA). Recoveries of 15 N and RWT at the pond outflow were 67% and 85%, respectively.
In the 15 NH z 4 pulse addition, there was a greater loss of 15 N tracer relative to predictions from RWT (Fig. 5A) , and we were able to calculate a gross uptake rate constant of 0.11 h 21 (6 0.02 SE) (Fig. 5B and production by 24% (Table 3 ). There was no detectable increase in the atom percent of 15 N of NO the effects of temperature and gas exchange. The N 2 production (denitrification) term was below the detection limit (i.e., incorporation of denitrification did not improve prediction) when the model was run with a gas-exchange rate of 0.25 h 21 , the K N2 derived from the diel oxygen curve for the same dates. Similarly, the best fit was achieved with K N2 5 0.14 h 21 and D n 5 0.00 mg L 21 h 21 . In order to account for the effect of uncertainty in gas exchange on the denitrification estimate, we repeated the model fit using the 95% confidence interval estimates of the gas-exchange coefficient (0.06-0.41 h 21 ) from the night-time O 2 regression approach. The 95% confidence interval for N 2 production in the pond is 0.00-0.05 mg L 21 h 21 . The upper end of the range of estimated N 2 production would be sufficient to explain the 10% decline in NO { 3 concentrations observed in the pond. It should also be noted that inflow NO { 3 concentrations and water temperature were both lower than during the 15 N experiments, the pond (Fig. 3B ), but differences between day and night uptake rates were not evident during the steady-state addition of 15 NH z 4 . This apparent contradiction was because autotrophic NH z 4 uptake responsible for creating the diurnal cycle only accounted for a small portion of the were evident near the sediment surface indicating a net flux to the water column from the sediments.
with the macrophytes required N from the water column and are most likely the group of organisms responsible for creating the diurnal cycle in NH
